THE RIBOSOME How the ribosome hands the A-site tRNA to the P site during EF-G-catalyzed translocation Jie Zhou, Laura Lancaster, John Paul Donohue, Harry F. Noller* Coupled translocation of messenger RNA and transfer RNA (tRNA) through the ribosome, a process catalyzed by elongation factor EF-G, is a crucial step in protein synthesis. The crystal structure of a bacterial translocation complex describes the binding states of two tRNAs trapped in mid-translocation. The deacylated P-site tRNA has moved into a partly translocated pe/E chimeric hybrid state. The anticodon stem-loop of the A-site tRNA is captured in transition toward the 30S P site, while its 3′ acceptor end contacts both the A and P loops of the 50S subunit, forming an ap/ap chimeric hybrid state. The structure shows how features of ribosomal RNA rearrange to hand off the A-site tRNA to the P site, revealing an active role for ribosomal RNA in the translocation process.
D
uring the translocation step of the elongation phase of protein synthesis, the mRNA is advanced by one codon, coupled to movement of the tRNAs from the ribosomal A (aminoacyl) to P (peptidyl) and P to E (exit) sites, in a process catalyzed by elongation factor EF-G (1). First, the tRNAs move on the 50S subunit into P/E and A/P hybrid states, followed by movement of the tRNA anticodon stem-loops (ASLs) from the 30S subunit A and P sites to the P and E sites, respectively, coupled to movement of their associated mRNA codons (2) . The first step is accompanied by intersubunit rotation (3-7), whereas the second step requires EF-G·guanosine triphosphate (GTP) and involves rotation of the 30S subunit head domain (8) (9) (10) (11) . Although much has recently been learned about the structural basis of P-tRNA movement to the E site (9, 10, 12, 13) , translocation intermediates containing A-tRNA are more difficult to trap. Thus, much of our thinking about the structural basis of A-tRNA and mRNA movement is based on crystal structures of EF-G bound to vacant (14) or P-tRNA-containing ribosome complexes trapped in classical (15) or hybrid states (10, 12, 13) and two cryogenic electron microscopy structures of 70S ribosome-EF-G complexes containing two tRNAs bound in P/E and A/P* hybrid states (16) or in ap/P and pe/E chimeric hybrid states (11) .
[We use lower-case letters to indicate that the tRNA is bound in a chimeric state within the small or large subunit, whereas upper-case letters indicate binding to the canonical A, P, or E sites of a subunit. For example, "pe/E" is meant to indicate that the ASL of the tRNA is bound between P-site elements of the small subunit head domain and E-site elements of the small subunit body, while its acceptor end is bound to the canonical E site of the large subunit.]
Here, we report the crystal structure of a 70S ribosome translocation intermediate containing EF-G, mRNA, and two tRNAs: a deacylated tRNA bound in the pe/E state and a peptidyl-tRNA trapped in an ap/ap chimeric hybrid state. The complex was formed with Thermus thermophilus 70S ribosomes, a 39-nucleotide mRNA, elongator tRNA Met in the P site, and N-acetyl-ValtRNA Val in the A site. To trap the translocation intermediate, we added neomycin to block completion of translocation and fusidic acid to prevent release of EF-G (materials and methods and fig. S1 ). The structure was solved by using diffraction data to 3.8 Å obtained from a single crystal (table S1) . Examples of electron density are shown in supplementary materials (figs. S2 to S13). Relative to the classical-state ribosome (17), the 30S subunit head undergoes a large 21°c ounterclockwise rotation, and the 30S body undergoes a 2.7°rotation relative to the 50S subunit (Figs. 1 and 2, A and B). The P-tRNA ASL moves with the 30S head into a position between the P site of the 30S head and the E site of the 30S body (pe chimeric state; Fig. 1 , D and E), while its acceptor end moves fully into the 50S E site (Fig. 1C) , forming a pe/E chimeric hybrid state (9-11). The A-tRNA ASL moves to within~4 Å of the P-site elements of the 30S body (Fig. 1D) ; its elbow rotates toward the classical 50S P site, but its acceptor end is bound between the 50S subunit A and P sites (Fig. 1C) , forming an ap/ap chimeric hybrid state. The large, EF-G-dependent rotation of the 30S head in our structure repositions helix H38 of 23S ribosomal RNA (rRNA), allowing the A-tRNA elbow to reach the position of the P-site tRNA elbow ( fig. S14 ). Domain IV of EF-G is wedged into the site of convergence of the A-site mRNA codon, the anticodon loop of the ap/ap tRNA, and the 16S and 23S rRNAs at intersubunit bridge B2a, simultaneously contacting all four RNAs ( fig. S15 ).
Although it is clear that 30S head rotation facilitates P-site ASL translocation (9-11), the A-site ASL is translocated by a different mechanism. The P-site ASL moves precisely with 30S head rotation into the pe/E state, whereas the A-site ASL has moved further than the rotational movement of the head into the ap state on the 30S subunit (Fig. 1E) . Movement of the A-site ASL precisely with head rotation would result in a severe clash with domain IV of EF-G as it is positioned in our complex, which, together with the contact formed between the tip of domain IV and the codon-anticodon helix of the ap/ap tRNA ( fig. S16 ), suggests that movement of mRNA and ASL is coupled to that of domain IV. The additional displacement of the ap/ap ASL brings it close to the pe/E ASL (Fig. 2 , C and D) (11) . The position of the head may be stabilized by interaction between phosphate 1210 of 16S rRNA and domain IV of EF-G at Gly 531 (G531). Most notable is the rearrangement of the 16S rRNA 966 loop in the 30S head, which breaks away from the P site to reach toward the A site, where it initiates contact with the partly translocated ap/ap ASL (Fig. 2, E and F) . This rearrangement involves disruption of the packing of m 2 2 G966 against ribose 34 of the P-site ASL (18, 19) and formation of a surface-fitting pocket around the ap/ap ASL by nucleotides A965, m 2 2 G966, and C1400. In a crystal structure of the corresponding single-tRNA complex (10) (fig. S6) , the pe/E tRNA ASL was found to maintain all canonical P-site contacts with the 30S head, including the 966 loop, as it rotates toward the E site. However, in the two-tRNA complex reported here, only a subset of the P-site 30S head interactions with the pe/E ASL are maintained, involving G1338, A1339, A1340, and the C-terminal tail of protein uS9. The formation of posttranslocation interactions simultaneously with disruption of pretranslocation interactions suggests a mechanism for how the ASLs are handed off between the A and the P sites. It may also represent an initial shift in contacts that must be disrupted to release the pe/E tRNA ASL before back-rotation of the 30S head in the final stages of translocation (20, 21) .
The network of interactions formed among the conserved loop 1 (residues 499 to 504) in domain IV of EF-G, the ap/ap ASL, and its mRNA codon ( fig. S15) (11) are similar to those observed in the posttranslocation state (15) , suggesting that they are maintained throughout the translocation cycle. Their resemblance to the minor-groove interactions made by A1492 and A1493 with the codon-anticodon helix in the decoding site (22) suggests that they may help to maintain correct codon-anticodon pairing during movement between the A and the P sites (15) and are consistent with the proposal that EF-G facilitates translocation by destabilizing interactions in the 30S decoding site (23) .
Interactions between the mRNA and elements of the 30S head within the downstream mRNA entry tunnel have been proposed to carry the mRNA forward with the tRNA during head rotation (17) . However, it is not clear that net movement of the mRNA could be sustained in this way, because these interactions are disrupted during head rotation. We find that the extended tail of the mRNA, as it emerges from the downstream tunnel, curves upward to bind to the surface of protein uS3 in the head of the subunit (Fig. 3 and fig. S17 ). Thus, forward head rotation would actively move the mRNA in the direction of translocation. Comparison of the position of a reference nucleotide on the mRNA in the rotated and nonrotated states further shows that forward head rotation would advance the mRNA by one codon (Fig. 3D) , supporting the possibility that the mRNA is actively moved by the ribosome during translocation. Because the dimensions of the downstream tunnel exclude entry of an RNA helix, disruption of mRNA secondary structure by the ribosomal helicase (24) must occur at or near the entry to the tunnel, by interaction with the ribosome outside the tunnel. Binding of the mRNA tail immediately flanking the entrance to the tunnel exclusively to the 30S head provides such an interaction. The forces created by head rotation could thus destabilize base pairing in helical elements of mRNA as they enter the downstream tunnel.
In the classical state, C74 and C75 in the CCA tail of P-site tRNA form base pairs with G2252 and G2251, respectively, in the P loop (helix H80) of 23S rRNA, while C75 of the A-site tRNA pairs with G2553 in the A loop (H92) (18, 25, 26) . These interactions position the peptidyl and aminoacyl moieties for the peptidyl transferase reaction (27) , which leaves a deacylated tRNA in the P site and a peptidyl-tRNA in the A site. A critical step in translocation is therefore the subsequent movement of the peptidyl-CCA end from the A loop to the P loop. The structure of the translocation intermediate reveals a chimeric state, distinct from those previously described ( fig. S18) , in which the acceptor end of the peptidyl-tRNA interacts simultaneously with both the A and P loops (Fig. 4) . In this state, base pairing of C75 with G2553 of the A loop is preserved, while movement of its acceptor stem into a position near that of classical P-site tRNA allows G2252 and G2253 in a rearranged P loop to contact the tRNA backbone at positions 72 and 70 (Fig. 4B) . Thus, the end of the acceptor stem of the ap/ap tRNA is anchored on the P loop, facilitating transfer of its adjacent C74 and C75 residues from the A loop to the P loop. A76 of the ap/ap tRNA is oriented similarly to that observed for tRNA bound in the P/P classical state (17) , with its N-acetyl-valine peptidyl moiety positioned at the entrance to the peptide exit tunnel, whereas C74 and C75 maintain their interactions with the A loop of 23S rRNA (Fig. 4 and fig. S19 ).
The ap/ap tRNA may correspond to intermediate states that have been characterized kinetically. Fluorescence-quenching kinetic studies identified an EF-G-dependent intermediate (INT) in which the peptidyl-tRNA elbow moves from the A site toward the P site but remains only partially reactive with the aminoacyl-tRNA mimic puromycin, suggesting that its CCA end is not fully accommodated into the P site (28) . Kinetic studies in which a probe was attached directly to the peptidyl-tRNA CCA end identified EF-G-dependent translocation intermediates in which the acceptor end of peptidyl-tRNA moves toward the P site but remains puromycin-unreactive (29) . The properties of these intermediates are compatible with the trapped ap/ap state observed in this study. The structure of this trapped translocation intermediate begins to describe how tRNA moves between the ribosomal A and P sites. The tRNA binding sites themselves are dynamic, forming simultaneous contacts between the A-tRNA and elements of both the A and P sites, resembling the passing of the baton in a relay race (30) . This is seen for both 30S and 50S subunits. In the 30S subunit, rearrangement of the 966 loop of 16S rRNA releases G966 from the P-site ASL to contact the A-site ASL as it moves into the 30S P site (Fig. 2, E and F) . In the 50S subunit, the A and P loops of 23S rRNA rearrange to allow both loops to contact the 3′-acceptor end of the A-site tRNA as it begins its transition into the 50S P site (Fig. 4) . These findings show that the structural dynamics of ribosomal RNA play an active role in the mechanism of translocation. 
